Bog iron ores are widespread in Polish wetland soils used as meadows or pastures. Th ey are suspected to contain high concentrations of heavy metals, which are precipitated together with Fe along a redox gradient. Th erefore, soils with bog iron ore might be important sources for a heavy metal transfer from meadow plants into the food chain. However, this transfer depends on the diff erent binding forms of heavy metals. Th e binding forms were quantifi ed by sequential extraction analysis of heavy metals (Fe, Mn, Cr, Co, Ni, Cd, Pb) as well as Al and P on 13 representative samples of bog iron ores from central and southwestern Poland. Our results showed total contents of Cr, Co, Ni, Zn, Cd, and Pb not to exceed the natural values for sandy soils from Poland. Only the total Mn was slightly higher. Th e highest contents of all heavy metals have been obtained in iron oxide fractions V (occluded in noncrystalline and poorly crystalline Fe oxides) and VI (occluded in crystalline Fe oxides). Th e results show a distinct relationship between the content of Fe and the quantity of Zn and Pb as well P. Water soluble as well as plant available fractions were below the detection limit in most cases. From this we concluded bog iron ores not to be an actual, important source of heavy metals in the food chain. However, a remobilization of heavy metals might occur due to any reduction of iron oxides in bog iron ores, for example, by rising groundwater levels.
Content and Binding Forms of Heavy Metals, Aluminium and Phosphorus in Bog Iron Ores from Poland
In memory of the 100th anniversary of the birth of Prof. Dr. Dr. Dr. h.c. Eduard Mückenhausen (February 17, 1907 -February 6, 2005 Danuta Kaczorek* Agricultural Univ. of Warsaw Gerhard W. Brümmer Rheinische Friedrich-Wilhelms-University Michael Sommer Univ. of Potsdam T he most important properties of hydrous iron oxides occurring in soils include their ability to bind diff erent elements, particularly heavy metals, Al and P. Heavy metals may be bound during or after the formation of iron oxides (Jenne, 1968; Schwertmann and Taylor, 1977; Brümmer et al., 1988; Gerth, 1990 Gerth, , 2005 Gerth et al., 1993) . Th e iron oxides may attain diff erent shapes and sizes, for example, coatings on mineral surfaces, concretions, thin iron pans, and bog ores. Th ey are generally composed of poorly crystalline oxides (ferrihydrite) and crystalline oxides (goethite). Th e iron of coatings and concretions in terrestrial soils originates from weathering processes of primary minerals in the soil matrix and is subsequently infl uenced by redox processes. Analyses of coatings and concretions have shown increased quantities of heavy metals such as Mn, Co, Ni, Cu, Zn, Cd, and Pb in relation to the soil matrix (Schlichting, 1976; Hiller and Brümmer, 1995; Cornu et al., 2005) . Iron might also be transported with groundwater, even over long distances, and precipitated in the oxidation zone of groundwater-infl uenced soils, for example, as bog iron ore. Th ese soil horizons mainly consist of the oxides of iron (20-50% Fe) and manganese (0.2-1% Mn) and also contain large contents of P compounds (2-4% P) and organic carbon (1-10%) (Kaczorek and Sommer, 2003; Kaczorek et al., 2004) . Due to such high content of iron, an accumulation of heavy metals (Mn, Cr, Co, Ni, Cu, Zn, Cd, Pb) , Al and P could take place during or after the formation of bog iron ores. Th e reason for such an accumulation would be the specifi c affi nity of heavy metals to hydrous iron oxides combined with the high specifi c surface area of the oxides, ranging from 30 to 800 m 2 g -1 (Jenne, 1968; Tiller et al., 1984) . Th e type of bonding or kind of binding and the number and amount of bound elements depend on the mineralogical form in which the iron oxides occur, as well as on the concentration of heavy metals in the soil solution (Gerth, 1990; 2005; Cornell and Schwertmann, 2003) . Until the present, investigations of the mechanisms of heavy metal binding by iron oxides have mainly been focused on synthetic goethite (Forbes et al., 1976; McKenzie, 1980; Brümmer et al., 1988; Gerth, 1990 Gerth, , 2005 Gerth et al., 1993; Johnson, 1990; Manceau et al., 2000) and on noncrystalline iron oxides obtained also at laboratory conditions (Kinniburgh et al., 1976; Benjamin and Leckie, 1981) . On the other hand, heavy metal and Al partitioning in diff erent soils by sequential extraction procedures have been performed by several authors (Shuman, 1985; Wilcke and Kaupenjohann, 1997; Wilcke et al., 1999 Wilcke et al., , 2000 Wilcke et al., , 2001 Brümmer, 1989, 1991; Brümmer, 1997, 1998) , whereas studies focusing on the content of heavy metals in natural iron deposits such as bog iron ores are scarce (Syrovetnik et al., 2007) .
Th e environmental importance of bog iron ore also stems from its widespread occurrence in fl uvial landscapes with sandy soils of many countries in central and northern Europe (Schlichting, 1965; Stoops, 1983; De Geyter et al., 1985; BreuningMadsen et al., 2000; Kraczkowska et al., 2001 , Syrovetnik et al., 2007 . In northeast Europe, soils with bog iron ore nowadays are used as meadows or pastures. Due to their areal extent and high iron content, these soils might be important sources for a heavy metal transfer from meadow and pasture plants into the food chain. Especially, in the case of a renaturation of previously drained bogs an increasing groundwater level may lead to reducing conditions and dissolution of iron oxides and occluded heavy metals. Possible implications could be a transfer of heavy metals to the food chain and groundwater.
Th e aim of this study was to test whether or not an accumulation of heavy metals, Al and P has taken place in bog iron ores from Poland, to get some information about the mobility and binding forms of heavy metals present in these horizons, and to assess the possible threats posed by heavy metals from bog iron ores to plants,and animals in the food chain and to the groundwater. For this purpose a sequential extraction procedure was chosen which provides some information about the mobility of the diff erent heavy metals and also allows a diff erentiation between heavy metals bound by poorly and by well crystalline iron oxides Brümmer, 1989, 1991; Zeien, 1995) .
Materials and Methods
Th e study was performed in two regions of Poland, central (vicinity of Warsaw) and southwestern Poland (Silesian Lowland). In central Poland nine representative soil profi les were dug at three separate fi elds, in southwestern Poland four representative soil profi les were dug at four separate fi elds. All fi elds were used as pastures in former times. Th e soils of both areas are classifi ed as Mollic Gleysols (Petrogleyic, Endoarenic) (type A, B see Table 1 ) or Mollic Gleysols (Humic, Endoarenic) (type C, see Table 1 ) (WRB, 2006) . Only the horizons with bog ores, occurring across depths 15 to 40 cm, were subjected to investigations in this study.
Th e bog iron ores of the fl at lowlands in central Poland were described in detail by Kaczorek and Sommer (2003) . In this area, the appearance of bog iron ore is confi ned to holocene alluvial sandy soils. Th e study sites have a subcontinental climate with a mean annual air temperature of 7 to 8°C and a mean annual rainfall of 500 to 550 mm. Here, samples from nine horizons with bog iron ore had been collected for analyses.
In the Silesian Lowland the studied soils occur in Wierzbowa Śląska, in the valley of Czarna Woda River, approximately 35 km westwards of Legnica. Th e basement comprises loose sands and gravels. Th e groundwater level is variable and subject to large seasonal oscillations. Th e groundwater occurs at 0.5 to 1.0 m depth. At present, the area is covered by idle lands overgrown by grasses and bulrush. Th e mean annual temperature for this part of Poland is 8.7°C and the mean annual rainfall is 550 to 650 mm. Here, samples from four horizons with bog iron ore had been collected for analyses.
Based on macro-and micromorphological features and the mineral composition, three types of bog iron ores have been distinguished: massive bog iron ore (type A-six horizons), concretion-type bog iron ore (type B-three horizons) and soft bog iron ore (type C-four horizons) (details in Kaczorek and Sommer, 2003) . A short description of the particular bog ore types is presented in Table 1 .
Th e analyses have been conducted on dry samples (105°C) of total horizons (ore plus soil matrix), which were milled to silt size (<50 μm). Th e "ecological relevant" total content or pseudo total content (abbreviation: "total" content) of the investigated elements has been determined after digestion with aqua regia (conc. HCl + conc. HNO 3 ) according to DIN ISO 11466. Quality assurance measures with certifi ed reference materials and laboratory standards were performed. Th e reproducibility and detection limits of all trace element measurements were determined. Th e method of Brümmer (1989, 1991) has been applied for the sequential extraction of Fe, Al, Mn, Cr, Co, Ni, Cu, Zn, Cd, Pb, and P. Problems connected with sequential chemical extractions have recently been pointed out by Bacon and Davidson (2008) . Th e details of this method and a comparison of results with several other sequential extraction procedures are given by Zeien (1995) . Th e Zeien and Brümmer method was applied because the mobility of the elements present in the samples can be estimated (fraction I and II) and the amounts of elements "occluded by Mn oxides" (fraction III), by "noncrystalline and poorly crystalline Fe oxides" (fraction V) and by "crystalline Fe oxides" (fraction VI) can be determined separately. Seven fractions have been distinguished (Table 2 ). All reagents for the extraction solutions were of analyticalreagent grade or better. Vessels were cleaned by soaking in 1 m HCl, rinsing with doubly deionized water, soaking with 1 m HNO 3 and again rinsing with deionized water. Blanks were measured for all steps of the sequential extraction procedure. Th e heavy metal concentrations in the solutions have been determined by inductively coupled plasma optical emission spectrometer (ICP-OES) (ISA-Jobin Yvon 70 plus). All analyses were repeated trebly and presented as average values, in a few cases as average of two measurements.
Th e coeffi cients of variation (standard deviation/mean × 100) for replicates of the sequential chemical extraction were as follows (mean of all fractions and horizons; in brackets: max. of all fractions and horizons): Fe = 1 (9), Al = 3 (75), Mn = 2 (13), Cr = 5 (26), Co = 5 (33), Zn = 2 (7), Pb = 2 (20), P = 1 (12). Fig. 1 ). Samples with ore type A had signifi cantly larger Mn concentrations than those bearing ore type B, while the variation among samples containing ore type C was so wide that the Mn concentrations of these were not signifi cant diff erent from those of either group A or group B type samples. Th e large diff erences in the Mn accumulation were mainly due to diff erences in horizontal and vertical redox and pH gradients from reduced to oxidized parts in the landscape and soil profi les (Schlichting, 1965; Kaczorek et al., 2004) .
Results and Discussion
Th e total content of aluminium varied considerably between the diff erent samples (302-7744 mg kg -1 ; Table 3 ) and was lower than the total Mn content in most samples because of low contents of Al-silicates in these quartz dominated sandy soils and their drainage area (Kaczorek et al., 2004) . Figure 1 presents the total content of Cr, Co, Ni, Zn, Cd, and Pb in the three types of bog iron ore [A, B, C] . Th e total content of Cu was below the detection limit (0.4 mg kg -1 ) and that of Cr, Co, Ni, Zn, Cd, and Pb did not exceed the common natural content of these elements in sandy soils from Poland (Kabata-Pendias and Pendias, 1993) . Th e total content of Cr, Ni, and Zn lay in their lower range, whereas the content of Co, Cd, and Pb was close to the mean values of sandy soils in Poland. Only the content of Mn substantially exceeded the maximal content of this element in sandy soils without bog iron ore. Similar to the Mn content was the distribution pattern of Co in the three ore types (Fig. 1 ). Also McKenzie (1972) , Schlichting (1976) , and Hiller and Brümmer (1995) found a relationship between the distribution of Mn and Co in soils. For the other elements, no relationship between the content of heavy metals and the types of bog iron ore could be found.
Th e obtained results confi rm the analyses of Rzepa et al. (2004a Rzepa et al. ( , 2004b , who also did not observe increased contents of Cr, Co, Ni, and Zn; in their study only the contents of Cd (1.8 mg kg ) in bog iron ore. Th ese data show that the content of heavy metals largely depends on the composition of the parent material, pedogenic history and hydrological situation of the area, in which the bog ores developed, rather than on the properties of the adsorbent iron oxides.
Th e total content of P (8800-42,000 mg kg
) has also been analyzed in the studied samples. Th e mean content of P in the diff erent types of bog ores reached from 17,200 mg kg -1 (type B) to almost 26,000 mg kg -1 (type C). Th ese values are particularly high in comparison with mineral soils, in which the content of P varies mainly between 100 and 2000 mg kg 
Binding Forms of Heavy Metals, Aluminum, and Phosphorus in Bog Iron Ore
During the formation of bog iron ores in the described areas of Poland, iron was mainly mobilized under reducing conditions in deeper horizons of the soils and transported in the ionic (Fe and/or complexed state with pore solutions to places, for example, oxidized horizons, where it precipitated and accumulated and, thus, formed horizons with bog iron ore. As shown by the results of the seven fractions of the sequential extraction procedure, in these horizons only very low amounts of iron occurred in the mobile (I), mobilizable (II), and Mn oxide fraction (III). In these three fractions, the amount of iron in percent of the sum of the seven fractions (ssf) was in most cases smaller than 0.1%. Only in the ore samples of type C with pH (KCl) values below 5.0 did the contents and proportions of iron in the fi rst three fractions clearly increase (Table 3 ). Similar to the mobile fraction (I) also the easily mobilizable fraction (II) contains iron in pH-dependent binding forms. Th erefore, both fractions can be combined and related to pH (KCl). As can be seen from Fig. 2 the Fe content of the combined two fractions increased at pH values below 5.0.
Also the Fe content of all ore samples in fraction III and of samples with pH below 5.5 in fraction IV signifi cantly increased with decreasing pH (r 2 : 0.783 and 0.717, respectively; fi gure not shown). Fraction III and IV contain immobile iron occluded in Mn oxides and bound by organic matter, respectively. Th erefore, it appears that below a pH threshold of approximately 5.5 (Fig. 2 ) Fe, after having been released from other components, may become sorbed, incorporated or by some other means immobilized by Mn oxides (fraction III) and organic matter (IV). Th e high adsorption capacity of Mn oxides and organic matter for iron and other heavy metals is often described in the literature (e.g., Brümmer et al., 1986) . Especially in strongly acid soils, the organic matter possesses a much higher binding capacity for heavy metals than Fe and Mn oxides. Th us, considerable proportions of iron were bound by the organic matter of the samples (fraction IV: 4.0-19.7% ssf ). Particularly in the case of the acid samples of type B and C the highest accumulation of iron in fraction IV took place in the most acid sample (Table 3c ; sample Kw, pH [KCl] = 3.7).
In the ore samples of type A and C, which were dominated by ferrihydrite and vivianite/siderite, respectively (Table 3) , the largest quantities of iron were observed in fraction V (132-325 g kg -1 , 47-78% ssf ), and in the goethite-dominated type B mainly in fraction VI (105-222 g kg -1 , 30-54% ssf; Table 3 ). In the residual fraction (VII) of most ore samples the Fe content represented 0.5 to 5% ssf, in few samples (type B) more than 10%. Th e Fe in fraction VII comes from silicates and other stable minerals Brümmer, 1989, 1991) .
In fraction I, II, and III of all samples, aluminium occurred only in trace amounts. Also in fraction IV, small amounts of Al were detected. Th e highest Al content occurred in fraction V, VI, and VII. In fraction V the Al content was signifi cantly higher in the strongly acid samples with pH (KCl) below 5.0 than in the samples with a higher pH value, and reached the highest contents of 508 and 678 mg kg -1 in sample 800 (type A, pH = 4.9) and 800Awpr (type C, pH = 4.2), respectively. Th e higher Al content of most samples in fraction VI indicates that more Al can be bound by highly crystalline forms of iron oxides (goethite) than by poorly crystalline oxides (ferrihydrite) and other iron compounds. Th e molar ratio of Fe/Al was in fraction V mainly in the order of 100 to 500, whereas in fraction VI several samples had ratios below 100 with the lowest value of 8.2 (sample 800, type C, pH = 4.2). Several authors have shown that, during the process of goethite formation, aluminium and some heavy metals can be incorporated in the goethite structure by isomorphic substitution of Fe 3+ (Gerth, 1990; Cornell and Schwertmann, 2003) , but these elements can also diff use into the goethite particles after their formation (Brümmer et al., 1988; Gerth, 2005; Fischer et al., 2007) . Especially in areas where Podzols dominate, the released aluminium and other elements are associated with iron oxides (Schlichting, 1965 (Schlichting, , 1976 Kaczorek et al., 2004) . Th e highest quantities of aluminium (8-58% ssf ) occurred in fraction VII (residual), bound by stable silicates. Th e highest Al proportions in fraction VII (45-55% ssf ) were found in the slightly acid samples (pH from 6-7), whereas most of the strongly acid samples (pH from 3.7-5.3) contained lower proportions (8-36% ssf ), presumably because of silicate weathering and destruction. Th e released Al 3+ would then obviously be coprecipitated with the mobilized iron or adsorbed and occluded by iron oxides (fraction V and VI).
Manganese is a rather mobile heavy metal and its mobility in oxic environments mainly depends on soil pH (Hornburg et al., 1995) . In the strongly acid samples higher contents of Mn were observed in fraction I (mobile forms) and fraction II (easily mobilizable forms). Th e results presented in Fig. 3 show that the mobility of Mn (fraction I plus II) strongly increased at pH below 5.5 and that Mn is more mobile than Fe. Th e two most acid samples (pH 4.2 and 3.7) also exhibited the lowest Mn content of all samples in fraction III (Mn oxides: 0.9-2.1% ssf), probably due to leaching losses. Samples with higher pH values contained a higher Mn content in this fraction (15-58% ssf). Also the Mn content in fraction IV (organically bound) of the two most acid samples were lower than for less acidic samples declined. Opposite to fraction III and IV, in fraction V the highest Mn proportion of these two samples occurred (occluded in poorly crystalline iron compounds: up to 55% ssf). Th is distribution pattern is comparable to the enrichment of Al in fraction V at strongly acid conditions (see above) and can be attributed to a similar redistribution process: Under strongly acid conditions Mn was mobilized from unstable pools (Mn oxides, organically bound Mn) and adsorbed or coprecipitated and occluded by poorly crystalline iron oxides (fraction Table 3 . (c) Content of Fe, Al, heavy metals, and P in seven fractions of the sequential extraction procedure, sum of seven fractions (ssf), and separately determined total element concentration of bog iron ores of type C. All values are in mg kg -1 . V). Th e molar Fe/Mn ratio in this fraction varied between 57 to 404. Fraction VI (occluded in crystalline iron oxides) also contains some Mn (2-24% ssf), but usually much less than fraction V. Th e molar Fe/Mn ratio of the crystalline iron oxides was wide and variable and reached from 25 to 510. In the residual fraction (VII), most samples contained only a relative low Mn proportion (<7% ssf), so that in most samples not much Mn is bound by silicates and other stable minerals. Because of the very low content of total Cr, Co, Ni, Cu, Cd, and Pb, the concentrations of these heavy metals in several fractions were often below the detection limits (Table 3 ). In addition, several problems of sequential chemical extractions, such as contamination of the extraction solutions by metal desorption during the diff erent analytical steps (typical for Cd) or losses through readsorption to vessels (typical for Pb) increase at low concentrations of heavy metals in the samples examined (Bacon and Davidson, 2008) . We also had to deal with these problems, especially in the case of Cd and Pb.
In line with this, the content of chromium in fractions I and II was always below the detection limit and was also so in fractions III and IV for most samples. Th e highest Cr contents were observed in fractions V (occluded in poorly crystalline iron oxides: up to 72% ssf ) or VI (occluded in crystalline iron oxides: up to 87% ssf ), and sometimes also in the residual fraction (VII: up to >90% ssf ). Th e molar Fe/Cr ratio was always distinctly narrower in fraction VI (lowest value 2000) than in fraction V (lowest value 11800). Th us, Cr shows a particular affi nity to the crystalline iron oxides (goethite).
Th e content of cobalt in the mobile (I) and easily mobilizable fraction (II) exhibited considerable proportions (I: up to 30% ssf; II: up to 5% ssf ) only in the two most acid samples (pH [KCl] 4.2 and 3.7; Table 3c ) and resembles the pH-dependent mobility of Mn. Also in fraction III (occluded in Mn oxides) only few samples contained higher proportions of Co (up to 22% ssf ). Although Co is known to have a high affi nity to Mn oxides (Mc Kenzie, 1972; Schlichting, 1976; Zeien and Brümmer, 1989; Hiller and Brümmer, 1995) , fraction III is obviously not so important for the binding of Co in these bog iron ores. In fraction IV (organically bound), only in the samples with higher content of total Co considerable proportions (12-22% ssf ) of this metal occurred. However, fractions V (occluded in poorly crystalline iron oxides) and VI (occluded in crystalline iron oxides) were of main importance for the binding of Co. Similar to Mn, the highest Co content of the samples of type A and C occurred together with the highest Fe content in fraction V (40 to more than 75% ssf ). Only in the samples of type B the content of Co, like the content of Fe, was higher in fraction VI (40-50% ssf ) than in fraction V (about 30%). Again similar to Mn, the Co content of fraction VII (residual) in nearly half of the samples was very low and even below the detection limit. Th e other samples contained proportions of 4 to 26% ssf. Although there is no close correlation between the content of Co and Mn, both elements show on the whole a similar distribution pattern in the seven fractions.
Also the content of total Ni in the bog iron ores was very low and that of Cu even below the detection limit (0.4 mg kg -1 ). Accordingly, the results obtained for the sequential extraction were for Ni almost in all samples and fractions and for Cu always below the detection limit. Th erefore, they are not presented in Table 3 . However, in three strongly acid samples (pH < 5.0) the Ni content and proportion in the mobile fraction (I) was relatively high (0.9-3.0 mg kg -1 and 27-50% ssf, resp.). In fi ve samples with values above the detection limit the highest Ni proportions occurred in the iron oxide fractions V or VI (33-100% ssf ). Th erefore, also for the binding of Ni the iron oxides were of main importance. Despite relatively high contents of total Zn, the contents in fractions I, II, III, and VII were in most samples below the detection limits (Table 3 ). In fraction IV (organically bound), Zn occurred in all samples (7-22% ssf ). However, the highest amounts of Zn were always associated with the iron oxide fractions V (25-72% ssf ) and VI (9-50% ssf ). Th e Zn and Fe content of both fractions were signifi cantly correlated (Fig. 3) . Th e molar ratio of Fe/Zn in fractions V and VI varies between 5400 and 14,4000 and is in some samples slightly narrower in crystalline iron oxides (fraction VI; e.g., 5400).
Th e Cd concentrations of most samples in fractions I, II, III, and VII were below the detection limits and are, therefore, not listed in Table 3 . Although Cd is, like Mn, relatively mobile in acid soils (e.g., Hornburg et al., 1995) , mobile Cd (fraction I) could only be measured in one strongly acid sample (pH (KCl) 4.2: 40% ssf ). Some samples, however, contained low quantities of Cd in fraction IV (organically bound: 11-38% ssf ). Th e highest Cd proportions occurred in fraction V (non-and poorly crystalline Fe oxides: mainly 28-80% ssf ) and VI (crystalline Fe oxides: 40-90% ssf ). Although these data clearly demonstrate the importance of the iron oxides for the binding of Cd, no correlation exists between the content of Cd and Fe.
Lead belongs to the rather immobile elements in soils (e.g., Hornburg et al., 1995) . Th erefore, it did not occur in the fractions I to III (Table 3 ). In fraction IV (organically bound) Pb could be detected in 8 out of 13 samples with proportions of 10 to 24% ssf. Th us, in keeping with what is reported in the literature, Pb possessed here a considerable affi nity to the organic matter of soils. For the samples of type A and C the highest content of lead was observed in fraction V (poorly crystalline iron oxides: 25-85% ssf ). For the goethite dominated samples of type B, the highest Pb contents occurred in fraction VI (crystalline iron oxides: 52-53% ssf ) together with the highest Fe contents. Also in fraction VII (residual) some amounts of this element were registered. Th e correlation between the content of iron and lead in fractions I to VI was r 2 = 0.76, whereas the correlation between both metals in fraction VI was r 2 = 0.65 (Fig. 3) . Th e molar ratio of Fe/Pb was mainly lower in fraction VI than in fraction V with the lowest value of about 40,000. Th is indicates that goethite in the whole contained more Pb than ferrihydrite and other iron compounds (Table 3) , which were dissolved in fraction V.
In fractions I, II, and III the content of P was always very low and also for most samples in fraction VII. Higher P contents were observed in fraction IV (organically bound), especially in the bog iron ores of type C with contents up to 3600 mg kg -1 (sample 800 Awpr, Table 3c ). Such high P contents probably resulted from the presence of vivianite in these samples which was partly dissolved during the extraction with EDTA. Th e highest P contents and proportions of most samples were observed in fraction V (poorly crystalline iron oxides: 3600-26,000 mg kg -1 and 37-88% ssf, resp.). Th e bog iron ores of type A and C contained particularly high amounts of P in this fraction (57-88% ssf), whereas the goethite dominated samples of type B exhibited lower amounts (37-47% ssf). With the exception of the two samples with the lowest P tot content (K1BoxR, type A; Kw, type C), all other samples showed a close correlation between the content of P and iron in fraction V (non-and poorly crystalline Fe oxides; Fig. 3) . In most samples, the P content and proportion was also high in fraction VI (crystalline iron oxides: 775-7759 mg kg -1 and 6-56% ssf, resp.). Only the two most acid samples (800 Awpr; Kw; Table 2 ) had lower contents (85 and 445 mg kg -1 ; Table 3 ). Th e content of P and Fe in fraction VI also showed a signifi cant correlation (Fig.  3) . However, narrower molar Fe/P ratios in fraction V (mean 13; range 5-30) than in fraction VI (mean 41; range 14-110) indicate on the one hand that poorly crystalline iron oxides (ferrihydrite) possess a higher capability to bind P in comparison to the well crystalline iron oxides (goethite). On the other hand, the presence of a high P content in the samples hinders the crystallization of goethite (Cornell and Schwertmann, 2003) and can be the reason for the high amounts of poorly crystalline iron oxides in the samples of type A. Th e high P content may also account for the formation of vivianite under reducing conditions in the samples of type C. Th e lowest fraction V molar Fe/P ratios in fraction V observed (5-6, sample 614(A), 614(B)) indicate the mixture of vivianite with siderite and ferrihydrite in the samples of type C.
Infl uence of the Mineral Composition on the Distribution of Heavy Metals
To test whether the proportion of heavy metals and P in fraction V (non-and poorly crystalline Fe oxides) and VI (crystalline Fe oxides) were related to the iron minerals present in the samples (Table 1) , we compared the average percentage of elements in fraction V and VI for the three types of bog iron ore (A, B, C) (Fig. 4) . In type A the main iron mineral was ferrihydrite, whereas goethite only occurred as an accessory mineral (Table 1) . Accordingly, signifi cantly higher proportions of Fe and also of Mn, Co, Zn, Cd, Pb, and P were obtained in fraction V, whereas the average percentage of Al and Cr was higher in fraction VI in spite of lower proportions of Fe, although the diff erences were not signifi cant. In the bog iron ore of type B, where the main iron mineral was goethite, and ferrihydrite occurred as an accessory mineral (Table  1) , in average a higher proportion of Fe, Al (not signifi cant diff erent), Cr, Co, Zn, Cd, and Pb was observed in fraction VI; only the average proportion of Mn was higher in fraction V. In the bog iron ore of type C, where the main iron minerals were vivianite and siderite, accompanied by goethite and ferrihydrite as accessory minerals (Table 1) , much higher average proportions of iron and most other elements, except Al, Cr, and Cd, occurred in fraction V. Th e respective proportions of Al and Cr were higher, but not signifi cantly, in fraction V than in fraction VI and Cd had a similar content in both fractions. Based on the presented results we can state that the mineralogical composition of bog iron ore did not play a crucial role in the distribution of Co, Zn, Cd, and Pb. However, the content of Mn was in all types of bog iron ore always signifi cantly higher in fraction V, and that of P in the ore types A and C. Th is points to a higher affi nity of both elements for ferrihydrite. On the other hand, Cr possessed signifi cantly higher average proportions in fraction VI of the ore type B than in fraction V. Th ere was also a tendency for higher average Cr proportions for ore type A in fraction VI compared with fraction V and also for Al in types A and B, but the diff erences were not signifi cant. Also the lower Fe/Al and Fe/Cr ratio in fraction VI in relation to fraction V (see above) indicates a higher affi nity of these trivalent cations for goethite than for ferrihydrite. However, independent of the kind and crystallinity of the iron compounds, each of the three ore types always contained the highest content of heavy metals, together with the highest Fe content, in fraction V and VI.
An important question remaining was how the heavy metals extracted from ferrihydrite (fraction V) and goethite (fraction VI) of type A and B of bog iron ore were accumulated and bound by the iron oxides. It is well known that, on weathering, Fe and the other heavy metals can be released from primary minerals. Th en Fe can be transformed to hydrous iron oxides and other compounds, such as vivianite and siderite, in relation to the Eh-pH conditions, concentrations of the diff erent elements and other infl uencing variables in the soil environment. Th e heavy metals, released by weathering and also by diff erent human activities, could have been occluded by the iron oxides already during their formation and/or later by sorption of dissolved metal cations from the soil solution. Several experiments have been performed to examine the processes of heavy metal sorption by ferrihydrite, goethite and other oxides. However, only few studies have been conducted on natural iron compounds (Manceau et al., 2000; Rzepa and Ratajczak, 2004; Cornu et al., 2005) , whereas the majority of reported experiments investigated metal binding by synthetic products (e.g., McKenzie, 1980; Benjamin and Leckie, 1981; Schulze and Schwertmann, 1984; Brümmer et al., 1988; Gerth, 1990 Gerth, , 2005 . Th e results of these investigations give an inconsistent picture of the affi nity of the diff erent heavy metals for ferrihydrate and goethite. However, they clearly show that, in the acid pH range and at very low solution concentration, there are two diff erent ways of a heavy metal fi xation by iron oxides. First, the heavy metals can be bound by iron oxides during the original precipitation and/or crystallization of the oxides by coprecipitation and even structural incorporation by isomorphic substitution. Incorporation in the structure of synthetic goethite has been demonstrated for Al, Cr, Mn, Co, Ni, Cu, Zn, Cd, and Pb (Schulze and Schwertmann, 1984; Stiers and Schwertmann, 1985; Gerth, 1990 Gerth, , 2005 Ainsworth et al., 1994; Bibak et al., 1995) . In these model syntheses, lowest molar ratios of Fe/Al and Fe/Cr of about 2 and 9, respectively, and for the other heavy metals of about 9 to 50 were measured. In fraction VI (goethite) of the bog iron ores the lowest Fe/Al and Fe/Cr ratio was about 8 and 2000, respectively. Th e value for the Fe/Al ratio is in the range of the synthetic goethites, whereas the ratio of Fe to Cr and also of Fe to the other heavy metals is much higher because of the very low content of all heavy metals in the bog iron ores. However, the preference of the trivalent metals Al and Cr for fraction VI (as mentioned above) could be an indication for a structural incorporation by isomorphic substitution of trivalent Fe. Th e second possibility for fi xation processes is that heavy metals in soil solution adsorb on external surfaces of existing porous iron oxides and than diff use via micropores to internal surfaces of the oxide particles (Brümmer et al., 1988; Barrow et al., 1989; Gerth et al., 1993; Backes et al., 1995; Fischer et al., 1996 Fischer et al., , 1997 Fischer et al., , 2007 Axe and Trivedi, 2002) . Th is would mainly apply to heavy metals brought into the soil after the formation of the hydrous iron oxides, especially as pollutants or together with fertilizers. However, the very low content of all heavy metals, except Mn, suggests that a supply from human sources is of little importance here. Th erefore, we favor the fi rst interpretation that mainly natural pedogenic processes caused a coprecipitation of heavy metals with iron and an occlusion in the oxides. Even incorporation in the oxide structure by isomorphic substitution may be possible for the samples examined.
However, it must be acknowledged that these conclusions are based on results from sequential extraction procedures which are recognized as suff ering from a lack of target specifi ty of extracting reagents (Bacon and Davidson, 2008) . In this regard, the results of the Fe and P extraction of the type C samples show these general limitations of sequential extraction procedures. Because of the presence of vivianite and siderite as main components in these samples together with goethite and ferrihydrite as accessory minerals (Table 1) , both elements were extracted from these minerals in minor proportions in fraction IV (which targets organically bound constituents) and in major proportions in fraction V (targeting poorly crystalline iron oxides). Th is clearly shows that sequential extraction procedures neither are designed to extract elements from specifi c compounds or minerals, as in the case of the samples with vivianite and siderite, nor to provide information on the kind of bonding of the extracted elements. However, they can provide valuable information on the mobility and association of the extracted elements in soil, and also on their binding form and binding strength.
Conclusions
Accumulation of Cr, Co, Ni, Cu, Zn, Cd, and Pb has not been noted in the process of bog iron ore formation. However, an increased content of Mn in relation to the content of these elements in sandy soils from Poland has been observed. Given the current situation in the landscapes with the bog iron ore-containing soils examined here, the content of the heavy metals in the ores can be considered as posing no hazard to human health because their total concentrations are low and their proportions in mobile and easily mobilizable forms represent environmentally insignifi cant quantities.
Because of the very low total content of most heavy metals, the mineral composition of the analyzed bog iron ores had only little or no infl uence on the distribution of Co, Ni, Cu, Zn, Cd, and Pb among the two main iron oxide fractions, whereas Mn and P showed a higher affi nity to fraction V and Al and Cr to fraction VI. In either case it can be stated that the content of heavy metals in the bog iron ore samples is mainly related to the content of iron in fraction V (occluded in non-and poorly crystalline iron oxides) and VI (occluded in crystalline iron oxides). Consequently, any dissolution of iron oxides, for example, by a future renaturation and rise of groundwater level in these landscapes, could remobilize a major part of the heavy metals in bog iron ores. However, also in this case a groundwater contamination or enrichment of heavy metal in plants and animals does not seem to be very likely because of the very low metal concentrations in the bog iron ores examined here. 
